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— (57) Abstract: A method of regulating the power generated in a nuclear power plant which includes the step of regulating the flow 
£j of helium through the reactor. To this end, the power plant includes a closed loop power generation circuit having at least one 

compressor and a recirculation circuit whereby helium can be recirculated around the compressor. By regulating the flow of helium 
Q around the recirculation circuit using suitable valves the flow of helium through the reactor and hence the power generated can be 

regulated. The plant includes a helium inventory control system whereby the inventory of helium in the power generation circuit can 
^ be varied thereby varying the power generated in the circuit. 
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A NUCLEAR POWER PLANT AND METHOD OF OPERATING THE SAME 



THIS INVENTION relates to the generation of electricity. More 
particularly it relates to a nuclear power plant. It also relates to a 
method of regulating the power generated by the plant. 

5 According to one aspect of the invention there is provided a 

nuclear power plant which includes 

a closed loop power generation circuit making use of helium as a 
working fluid and having at least one compressor; 

a recirculation circuit whereby helium can be recirculated around 
10 the compressor; and 

valve means for regulating the flow of helium in the recirculation 
circuit. 



The power generation circuit may include 
a nuclear reactor; 
15 a low pressure compressor; 

a high pressure compressor; 

drive means for driving the low pressure compressor and the high 
pressure compressor; 

a pre-cooler positioned upstream of the low pressure compressor; 
20 an inter-cooler positioned between the low pressure compressor 

and the high pressure compressor; 
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a low pressure recirculation circuit for recirculating helium around 
the low pressure compressor; 

a high pressure recirculation circuit for recirculating helium around 
the high pressure compressor; and 
5 valve means for regulating the flow of helium in each of the 

recirculation circuits. 

According to another aspect of the invention in a nuclear power 
plant having a closed loop power generation circuit which uses helium as 
the working fluid and which has a nuclear reactor, there is provided a 
0- method of regulating the power generated by the plant, which includes 
the step of regulating the flow of helium through the reactor. 

When the nuclear power plant is a nuclear power plant as 
described above, regulating the flow of helium through the reactor may 
include regulating the flow of helium in the or each recirculation circuit. 

5 The drive means may include, arranged in series, a high pressure 

turbine, a low pressure turbine and a power turbine drivingly connected, 
respectively, to the high pressure compressor, the low pressure 
compressor and an electrical generator, the power generation circuit 
further including a recuperator having a low pressure side connected 

20 between the power turbine and the pre-cooler, and a high pressure side 
connected between the high pressure compressor and the nuclear 
reactor, the high pressure recirculation circuit including a high pressure 
recirculation line in which a recirculation valve is mounted the high 
pressure recirculation line extending from a point between the high 

25 pressure compressor and the high pressure side of the recuperator to a 
point between the low pressure compressor and the intercooler and the 
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low pressure recirculation circuit including a low pressure recirculation 
line in which a recirculation valve is mounted, the low pressure 
recirculation line extending from a point between the low pressure 
compressor and the intercooler to a point between the recuperator and 
5 the pre-cooler. 

Regulating the flow of helium in the recirculation circuits, may 
include controlling the operation of the recirculation valves to regulate 
the flow of helium in the recirculation circuits. 

Regulating the flow of helium through the reactor may include 
10 adjusting the helium inventory in the power generation circuit. 

To this end the nuclear plant may include a helium inventory 
control system which is selectively connectable in flow communication 
with the power generation circuit to permit helium to be introduced into 
or removed from the power generation circuit. 

1 5 Adjusting the helium inventory may include connecting the helium 

inventory control system in flow communication with the power 
generation circuit selectively to increase or decrease the helium inventory 
in the power generation circuit and thereby increase or decrease the 
power generated as required. 

20 The driving force for the transfer of helium between the helium 

inventory control system and the power generation circuit may be the 
pressure difference between the helium inventory control system and the 
power generation circuit. 
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The helium inventory control system may include a plurality of 
storage tanks, the pressure in which varies from a low pressure tank to 
a high pressure tank. 

The helium inventory control system may be selectively 
5 connectable to the power generation circuit at a relatively high pressure 
point and a relatively low pressure point of the power generation circuit. 

The high pressure point may be downstream of the high pressure 
compressor. 

The low pressure point may be upstream of the low pressure 
10 " compressor between the low pressure compressor and the power 
turbine. 

In one embodiment of the invention, when the plant is in load 
following mode and it is desired to increase the power generated, the 
method may include the step of introducing helium from the helium 
15 inventory control system into the power generation circuit. 

In this embodiment, helium may be introduced from the helium 
inventory control system into the power generation circuit at a low 
pressure point of the power generation circuit. Similarly, helium will 
typically be extracted from the power generation circuit at a high 
20 pressure point and fed to the helium inventory control system. 

Helium extracted from the power generation circuit is dumped 
into the storage tank with the highest pressure which has capacity to 
accommodate the helium. Helium fed from the helium inventory control 
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system to the power generation circuit is taken from the tank with the 
lowest pressure and which has capacity to supply the helium. 

One problem associated with this arrangement is that when, in 
load following mode, the introduction of helium into the power 
5 generation circuit at a low pressure point in response to a request for a 
power increase, results in a non-minimum phase response of power, 
which actually results in a dip in the power generated which can be 
undesirable. 

The method may accordingly include introducing helium into the 
1 0 power generation circuit at a low pressure point of the power generation 
circuit and compensating for a non-minimum phase response by 
regulating the flow of helium in the or each recirculation circuit. 

Although this arrangement results in an overall decrease in the 
efficiency of the power generation circuit, it permits the power generated 
15 by the power generation circuit to be increased in a manner which avoids 
the non-minimum phase response of power. 

In another embodiment of the invention, increasing the power 
generated when the plant is in load following mode may include 
introducing helium into the power generation circuit at the high pressure 
20 point in the power generating circuit. 

The high pressure point of the power generation circuit is typically 
between the compressor and the reactor and introduction of helium at 
this point avoids the non-minimum phase response and hence the dip in 
power. 
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In this embodiment the method may include, if necessary, 
regulating the flow of helium through the or each recirculation circuit to 
avoid a non-minimum phase response. 

To this end, the helium inventory control system may include at 
5 least one booster tank in which helium is stored at a pressure higher than 
that of the maximum pressure in the power generation circuit and from 
which helium can be fed into the power generation circuit at the high 
pressure point. 



The helium inventory control system .may include a compressor 
10 arrangement for feeding helium to the at least one booster tank at the 
desired pressure. 

The method may include, as the pressure in the booster tank 
decreases, feeding helium into the power generation circuit from the 
helium inventory control system at a low pressure point in the power 
15 generation circuit and feeding at least some of the helium exiting the 
compressor to an upstream side of the compressor so that a portion of 
the helium circulates around the compressor. 

■ 

Under load following conditions when a portion of the helium in 
the power generator is recirculated in the or each recirculation 
20 circuit,increasing the power generated may include the step of reducing 
the volume of helium flowing through the or each recirculation circuit. 



The plant may include a variable resistor bank which is electrically 
disconnectably connectable to the generator. 
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The plant may include a recuperator bypass line which extends 
from a position upstream of the high pressure side of the recuperator to 
a position downstream of the high pressure side of the recuperator and 
a recuperator bypass valve mounted in the recuperator bypass line to 
5 regulate the flow of helium therethrough. 

The plant may include a gas bypass line in which a gas bypass 
valve is provided to regulate the flow of helium therethrough, the gas 
bypass line extending from a position upstream of the high pressure side 
of the recuperator to a position upstream of the pre-cooler. 

10 In the event of loss of load, the method may include the steps of, 

opening the high pressure recirculation valve, the low pressure 
recirculation valve and the gas bypass valve; 
closing the gas bypass valve; and 

regulating the operation of the high pressure bypass valve and the 
15 low pressure bypass valve to stabilize the power generation circuit. 

Typically, when the valves are opened they are displaced to their 
fully open position. 

The gas bypass valve may be opened immediately after the loss 
of load event is detected and closed after a predetermined time has 
20 elapsed. 



The method may include, after the process stabilizes, activating 
the helium inventory control system to bring the plant into a stable, low 
power operation mode. 
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The plant may include a variable resistor bank which is 
disconnectably connectable to the generator, the method including 
controlling the speed of the power turbine by regulating the load on the 
generator via the resistor bank. 

5 Introducing helium into the power generation circuit at the high 

pressure point can be used both when in load following mode, to step-up 
the power generated and when rapid increases of generated power are 
required. 

When a power step-down is required the method may include the 
10 step of opening at least one of the recirculation valves. 

Preferably, the method includes opening both of the high pressure 
and low pressure recirculation valves. 

When the plant includes a variable resistor bank which is 
disconnectably connectable to the generator, the method may include 
1 5 using the variable resistor to compensate for small changes in the power 
demand. This arrangement avoids unnecessary wear of the valves. 

The invention will now be described, by way of example, with 
reference to the accompanying diagrammatic drawings. 



20 



In the drawings, 

Figure 1 shows a schematic representation of part of a nuclear 
power plant in accordance with the invention; and 
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Figure 2 shows a schematic representation of a helium inventory 
control system forming part of the nuclear power plant in accordance 
with the invention. 

With reference, particularly to Figure 1 of the drawings, reference 
5 numeral 1 0 refers generally to part of a nuclear plant in accordance with 
the invention. The nuclear power plant 10 includes a closed loop power 
generation circuit, generally indicated by reference numeral 1 2. The 
power generation circuit 12 includes a nuclear reactor 14, a high 
pressure turbine 16, a low pressure turbine 18, a power turbine 20, a 
1 0 recuperator 22, a pre-cooler 24, a low pressure compressor 26, an inter- 
cooler 28 and a high pressure compressor 30. 

The reactor 14 is a pebble bed reactor making use of spherical fuel 
elements. The reactor 14 has a working fluid inlet 14.1 and a working 
fluid outlet 14.2. 

1 5 The high pressure turbine 1 6 is drivingly connected to the high 

pressure compressor 30 and has an upstream side or inlet 16.1 and a 
downstream side or outlet 16.2, the inlet 16.1 being connected to the 
outlet 14.2 of the reactor 14. 

The low pressure turbine 18 is drivingly connected to the low 
20 pressure compressor 26 and has an upstream side or inlet 18.1 and a 
downstream side or outlet 18.2. The inlet 18.1 is connected to the 
outlet 16.2 of the high pressure turbine 16. 

The nuclear power plant 10 includes a generator, generally 
indicated by reference numeral 32 to which the power turbine 20 is 
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drivingly connected. The power turbine 20 includes an upstream side or 
inlet 20.1 and a downstream side or outlet 20.2. The inlet 20.1 of the 
power turbine 20 is connected to the outlet 18.2 of the low pressure 
turbine 18. The plant 10 includes a variable resistor bank 33 which is 
5 electrically disconnectably connectable to the generator 32. 

The recuperator 22 has a hot or low pressure side 34 and a cold 
or high pressure side 36. The low pressure side of the recuperator 34 
has an inlet 34.1 and an outlet 34.2. The inlet 34.1 of the low pressure 
side is connected to the outlet 20.2 of the power turbine 20. 

10 The pre-cooler 24 is a helium to water heat exchanger and 

includes a helium inlet 24.1 and a helium outlet 24.2. The inlet 24.1 of 
the pre-cooler 24 is connected to the outlet 34.2 of the low pressure 
side 34 of the recuperator 22. 

The low pressure compressor 26 has an upstream side or inlet 
15 26.1 and a downstream side or outlet 26.2. The inlet 26.1 of the low 
pressure compressor 26 is connected to the helium outlet 24.2 of the 
pre-cooler 24. 

The inter-cooler 28 is a helium to water heat exchanger and 
includes a helium inlet 28.1 and a helium outlet 28.2. The helium inlet 
20 28.1 is connected to the outlet 26.2 of the low pressure compressor 26. 

The high pressure compressor 30 includes an upstream side or 
inlet 30.1 and a downstream side or outlet 30.2. The inlet 30.1 of the 
high pressure compressor 30 is connected to the helium outlet 28.2 of 
the inter-cooler 28. The outlet 30.2 of the high pressure compressor 30 
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is connected to an inlet 36.1 of the high pressure side of the recuperator 
22. An outlet 36.2 of the high pressure side of the recuperator 22 is 
connected to the inlet 14.1 of the reactor 14. 

The nuclear power plant 10 includes a start-up blower system 
5 generally indicated by reference numeral 38 connected between the 
outlet 34.2 of the low pressure side 34 of the recuperator 22 and the 
inlet 24.1 of the pre-cooler 24. 

The start-up blower system 38 includes a normally open start-up 
blower system in-line valve 40 which is connected in-line between the 
1 0 outlet 34.2 of the low pressure side of the recuperator and the inlet 24. 1 
of the pre-cooler 24. Two blowers 42 are connected in parallel with the 
start-up blower system in-line valve 40 and a normally closed isolation 
valve 44 is associated with and connected in series with each blower 42. 

A low pressure compressor recirculation line 46 extends from a 
1 5 position between the outlet or downstream side 26.2 of the low pressure 
compressor 26 and the inlet 28.1 of the inter-cooler 28 to a position 
between the start-up blower system 38 and the inlet 24.1 of the pre- 
cooler 24. A low pressure recirculation valve 48 is mounted in the low 
pressure compressor recirculation line 46. 

20 A high pressure compressor recirculation line 50 extends from a 

position between the outlet or downstream side 30.2 of the high 
pressure compressor and the inlet 36.1 of the high pressure side 36 of 
the recuperator 22 to a position between the outlet or downstream side 
26.2 of the low pressure compressor 26 and the inlet 28.1 of the inter- 
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cooler 28. A high pressure recirculation valve 51 is mounted in the high 
pressure recirculation line 50. 

A recuperator bypass line 52 extends from a position upstream of 
the inlet 36.1 of the high pressure side 36 of the recuperator 22 to a 
5 position downstream of the outlet 36.2 of the high pressure side 36 of 
the recuperator 22. A normally closed recuperator bypass valve 54 is 
mounted in the recuperator bypass line 52. 

The plant 10 includes a high pressure coolant valve 56 and a low 
. pressure coolant valve 58. The high pressure coolant valve 56 is 
10 configured, when open, to provide a bypass of helium from the high 
pressure side or outlet 30.2 of the high pressure compressor 30 to the 
inlet or low pressure side 1 8.1 of the low pressure turbine 1 8. The low 
pressure coolant valve 58 is configured, when open, to provide a bypass 
of helium from the high pressure side or outlet 30.2 of the high pressure 
15 compressor 30 to the inlet 20.1 of the power turbine 20. 

The plant 10 includes a gas bypass line 70 in which a gas bypass 
valve 72 is provided to regulate the flow of helium therethrough. The 
gas bypass line 70 extends from a position upstream of the inlet 36.1 of 
the high pressure side of the recuperator 22 to a position upstream of 
20 the inlet 24.1 of the pre-cooler 24. 

Referring now to Figure 2 of the drawings, the nuclear 
power plant 10 further includes a helium inventory control system, 
generally indicated by reference numeral 80. The helium inventory 
control system 80 includes eight storage tanks 82, 84, 86, 88, 90, 92, 
25 94, 96 and a booster tank 98. 
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The pressure in the storage tanks 82 to 96 varies from a high 
pressure tank 96 to a low pressure tank 82. The pressure of helium 
within the booster tank 98 is higher than that within the power 
generation circuit 1 2. To this end, a compressor arrangement, generally 
5 indicated by reference numeral 100 is provided to feed helium at a 
sufficiently high pressure to the booster tank 98 and/or storage tanks 82 
to 96. The helium inventory control system 80 is selectively connectable 
to the power generation circuit to permit the flow of helium 
therebetween at a low pressure point 1 02 and a high pressure point 1 04 
10 (Figure 1). 

In use, it is necessary that the power output of the nuclear power 
plant can be adjusted continuously to the power demand or requirement. 
As described in more detail herebelow, the helium inventory control 
system can be used to increase and reduce the power generated in the 
1 5 nuclear power plant. 

When in load following mode, the generator output is adjusted to 
the power demand of the grid to which the plant is connected at all 
times. Typically this will require that the plant be capable of following 
a sequence of from 100% to 40% to 100% of the maximum continuous 
20 power rating without any external compressor. The rate of increase or 
decrease will typically not exceed 10% of the maximum continuous 
power rating per minute. 

In order to decrease the power generated, helium is extracted from 
the power generation circuit 12 at the high pressure point and dumped 
25 into the storage tank with the highest pressure and spare capacity for 
receiving the helium. 
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Several options are available to increase the power generated. 

One option includes feeding helium from the helium inventory 
control system to the power generation circuit at the low pressure point 
after a request for a power increase. Although this will eventually lead 
to an increase in power, initially it results in a non-minimum phase 
response of the power, which results in a dip in the power generated. 
This dip disturbs the smooth control of the power output of the system. 

A second option of increasing the power which avoids the non- 
minimum phase response of the low pressure injection is by 
compensating with the compressor recirculation valves 48, 51 . This will 
require that the recirculation valves 48, 51 are, under normal 
circumstances, partially open when the nuclear power plant is in load 
following mode. If the grid requires a power increase, helium is injected 
from the helium inventory control system 80 to the power generation 
circuit at the low pressure point. Simultaneously, one or both of the 
recirculation valves 48, 51 is displaced towards its closed condition 
which results in an accurately controlled increase in the power 
generated. The advantage with this arrangement is that the response 
does not show the non-minimum phase response behaviour and the 
power increase is easy to control. A disadvantage with this arrangement 
is that it is necessary to operate the nuclear power plant with the 
recirculation valves 48, 51 partially open so that there is reserve power 
to cancel the non-minimum phase effect of low pressure injection. 
Running the nuclear power plant with the compressor recirculation valves 
48, 51, partially open, will decrease the overall efficiency of the plant. 
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A third option of increasing the power which avoids the non- 
minimum phase response of the low pressure injection is by 
compensating for the non-minimum phase response by the simultaneous 
injection of helium at the high pressure point. 

5 A fourth option to increase the power generated in load following 

mode, is to feed helium from the booster tank 98 of the helium inventory 
control system 80 to the power generation circuit 12 at the high 
pressure point of the power generation circuit. This leads to an increase 
in the power generated without the non-minimum phase response 

10- behaviour. As the pressure in the booster tank 98 decreases, additional 
power is required, the compressor recirculation valves 48, 51 will open 
in order to permit the power generated to be increased by closing the 
valves 48, 51 in the manner described above and thereby avoiding the 
non-minimum phase response. This process can be optimised in a way 

1 5 that the amount of recirculation around the compressors is at a minimum 
thereby maximising the efficiency of the power generation plant. 

In the event of loss of load, it is important that the speed of the 
power turbine 20 and the generator 32 not exceed a predetermined 
maximum speed. In addition, it is preferred that the Brayton cycle 
20 remains functioning at very low load conditions, referred to as house 
load. This process to keep the energy conversion cycle running at house 
load conditions is called "load rejection". 

In the case of loss of load the low pressure recirculation valve 48, 
high pressure recirculation valve 51 and the gas recirculation valve 72 
25 are fully opened. A predetermined time period after the initiating event, 
the gas bypass valve 72 is closed and the high pressure recirculation 
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valve 51 and low pressure recirculation valve 48 are displaced towards 
their closed conditions. After the process stabilizes, the helium inventory 
control system 80 is activated to bring the plant into a stable, low power 
operation mode and the low pressure recirculation valve 48 and high 
5 pressure recirculation valve 51 may be closed if required. 

The resistor bank 33, as part of a power turbine speed controller, 
may be used to control the speed of the power turbine. 

The plant 10 is typically configured to make use of a modified 
Brayton cycle as the thermodynamic conversion cycle. In the event of 
10 an emergency stop of the Brayton cycle, only the gas bypass valve 72 
is opened and remains open until the Brayton cycle stops. 

In existing power plants of which the Inventor is aware, the load 
rejection process and also an emergency stop is achieved by bypassing 
the turbines for at least part of the working fluid. In the present 

15 application, however, this solution would result in the introduction of 
high pressure (of the order of 85 bar) and high temperature (of the order 
of 900 °C) control valves which are potentially expensive and unreliable. 
In contrast, with the present invention, load rejection is achieved by 
operating the valves 48, 51, 72 which operate at a significantly lower 

20 temperature. 

When it is desired to step up the power produced by the plant 10 
more rapidly than in the load following mode, use can be made of the 
booster tank to inject helium into the power generation circuit at the high 
pressure point. Typically, the volume of the booster tank will be selected 
25 to permit the power to be stepped up at a rate of at least 20% of the 
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maximum continuous rating per minute for a period of at least 30 
seconds and an occurrence frequency of less than once per hour. 

To this end, when the power plant has a reactor outlet pressure 
of approximately 85 bar and a power capacity of approximately 128 
5 MW, the booster tank 98 will typically have a volume of approximately 
100 m 3 and the helium will be stored at a pressure of approximately 
100 bar. 

As mentioned above, in order to reduce the power generated by 
- the plant 10, helium can be extracted from the power generation circuit 

10 and fed to the helium inventory control system. Although this 
adequately permits the power to be reduced when in load following 
mode, when it is required for a power step down the process is too slow. 
Accordingly, in order to have a power step-down, one or both of the 
recirculation valves 48, 51 is opened which results in the mass flow of 

15 helium through the reactor 14 decreasing and less power is transferred 
to the helium. This in turn results in less power being generated in the 
power turbine. Typically, the plant is capable of operating with a power 
step down of at least 20% of the maximum continuous rating per minute 
decrease for a duration of 30 seconds and an occurrence frequency of 

20 less than once per hour. 

The Inventors believe that a nuclear power plant in accordance 
with the invention will permit close control of the power generated by 
the nuclear power plant. 
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CLAIMS 

1 . A nuclear power plant which includes 

a closed loop power generation circuit making use of helium as a 
working fluid and having at least one compressor; 
5 a recirculation circuit whereby helium can be recirculated around 

the compressor; and 

valve means for regulating the flow of helium in the recirculation 
circuit. 

2. A plant as claimed in claim 1, in which the power generation 
1 0 * circuit includes 

a nuclear reactor; 

a low pressure compressor; 

a high pressure compressor; 

drive means for driving the low pressure compressor and the high 
1 5 pressure compressor; 

a pre-cooler positioned upstream of the low pressure compressor; 
an inter-cooler positioned between the low pressure compressor 
and the high pressure compressor; 

a low pressure recirculation circuit for recirculating helium around 
20 the low pressure compressor; 

a high pressure recirculation circuit for recirculating helium around 
the high pressure compressor; and 

valve means for regulating the flow of helium in each of the 
recirculation circuits. 
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3. A plant as claimed in claim 2, in which the drive means includes, 
arranged in series, a high pressure turbine, a low pressure turbine and a 
power turbine drivingly connected, respectively, to the high pressure 
compressor, the low pressure compressor and an electrical generator, the 

5 power generation circuit further including a recuperator having a low 
pressure side connected between the power turbine and the pre-cooler, 
and a high pressure side connected between the high pressure 
compressor and the nuclear reactor, the high pressure recirculation circuit 
including a high pressure recirculation line in which a recirculation valve 

10 is mounted, the high pressure recirculation line extending from a point 
between the high pressure compressor and the high pressure side of the 
recuperator to a point between the low pressure compressor and the 
intercooler and the low pressure recirculation circuit including a low 
pressure recirculation line in which a recirculation valve is mounted, the 

1 5 low pressure recirculation line extending from a point between the low 
pressure compressor and the intercooler to a point between the 
recuperator and the pre-cooler. 

4. A plant as claimed in claim 3, which includes a variable resistor 
bank which is electrically disconnectably connectable to the generator. 

20 5. A plant as claimed in claim 3 or claim 4, which includes a 
recuperator bypass line which extends from a position upstream of the 
high pressure side of the recuperator to a position downstream of the 
high pressure side of the recuperator and a recuperator bypass valve 
mounted in the recuperator bypass line to regulate the flow of helium 

25 therethrough. 
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6. A plant as claimed in any one of claims 3 to 5, inclusive, which 
includes a gas bypass line in which a gas bypass valve is provided to 
regulate the flow of helium therethrough, the gas bypass line extending 
from a position upstream of the high pressure side of the recuperator to 

5 a position upstream of the pre-cooler. 

7. A plant as claimed in any one of claims 3 to 6 inclusive/which 
includes a helium inventory control system which is selectively 
connectable in flow communication with the power generation circuit to 
permit helium to be introduced into or removed from the power 

1G generation circuit. 

8. A plant as claimed in claim 7, in which the helium inventory 
control system includes a plurality of storage tanks, the pressure in 
which varies from a low pressure tank to a high pressure tank. 

9. A plant as claimed in claim 8, in which the helium inventory 
1 5 control system is selectively connectable to the power generation circuit 

at a high pressure point and a low pressure point of the power 
generation circuit. 

10. A plant as claimed in claim 9, in which the high pressure point is 
downstream of the high pressure compressor. 

20 11. A plant as claimed in claim 9 or claim 10, in which the low 
pressure point is upstream of the low pressure compressor between the 
low pressure compressor and the power turbine. 
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12. A plant as claimed in any one of claims 9 to 11, inclusive, in 
which the helium inventory control system includes at least one booster 
tank in which helium is contained at a pressure which is higher than the 
pressure of helium at the high pressure point of the power generation 

5 circuit. 

13. A plant as claimed in claim 12, in which the helium inventory 
control system includes a compressor arrangement for feeding helium to 
the at least one booster tank at the desired pressure. 

14. In a nuclear power plant having a closed loop power generation 
10 circuit which uses helium as the working fluid and which has a nuclear 

reactor, there is provided a method of regulating the power generated by 
the plant, which includes the step of regulating the flow of helium 
through the reactor. 

15. A method as claimed in claim 14, in which when the nuclear 
15 power plant is a nuclear power plant as claimed in any one of claims 2 

to 13, inclusive, regulating the flow of helium through the reactor 
includes regulating the flow of helium in the or each recirculation circuit. 

16. A method as claimed in claim 15, in which regulating the flow of 
helium in the recirculation circuits, includes controlling the operation of 

20 the recirculation valves to regulate the flow of helium in the recirculation 
circuits. 



17. A method as claimed in any one of claims 15 to 16, inclusive, in 
which regulating the flow of helium through the reactor includes 
adjusting the helium inventory in the power generation circuit. 
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18. A method as claimed in claim 17, in which adjusting the helium 
inventory includes connecting a helium inventory control system in flow 
communication with the power generation circuit selectively to increase 
or decrease the helium inventory in the power generation circuit as 

5 required. 

1 9. A method as claimed in claim 1 8, in which the driving force for the 
transfer of helium between the helium inventory control system and the 
power generation circuit is the pressure difference between the helium 
inventory control system and the power generation circuit. 

10 20. A method as claimed in claim 18 or claim 19 which, when the 
plant is in load following mode and it is desired to increase the power 
generated , includes the step of introducing helium from the helium 
inventory control system into the power generation circuit. 

21. A method as claimed in claim 20, which includes introducing 
15 helium into the power generation circuit at a low pressure point of the 

power generation circuit and compensating for a non-minimum phase 
response by regulating the flow of helium in the or each recirculation 
circuit. 

22. A method as claimed in claim 20, which includes introducing 
20 helium into the power generation circuit at a high pressure point. 

23. A method as claimed in claim 22, which includes if necessary 
regulating the flow of helium through the or each recirculation circuit to 
avoid a non-minimum phase response. 
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24. A method as claimed in any one of claims 1 5 to 23, inclusive, in 
which under load following conditions when a portion of the helium in 
the power generator is recirculated in the or each recirculation circuit, 
increasing the power generated includes the step of reducing the volume 

5 of helium flowing through the or each recirculation circuit. 

25. A method as claimed in any one of claims 15 to 19, inclusive, 
which, in the event of loss of load, includes the steps of, 

opening the high pressure recirculation valve, the low pressure 
recirculation valve and the gas bypass valve; 
10 closing the gas bypass valve; and 

regulating the operation of the high pressure bypass valve and the 
low pressure bypass valve to stabilize the power generation circuit, 

26. A method as claimed in claim 25, in which, when the valves are 
opened they are displaced to their fully open position. 

15 27. A method as claimed in claim 25 or claim 26, in which the gas 
bypass valve is opened immediately after the loss of load event is 
detected and closed after a predetermined time has elapsed. 

28. A method as claimed in claim 27, which includes, after the 
process stabilizes, activating the helium inventory control system to bring 

20 the plant in a stable, low power operation mode. 

29. A method as claimed in claim 28, in which when the plant 
includes a variable resistor bank which is disconnectably connectable to 
a generator, the method includes controlling the speed of the power 
turbine by regulating the load on the generator via the resistor bank. 
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30. A method as claimed in any one of claims 15 to 19, inclusive, 
which includes, when a power step-down is required, opening at least 
one of the recirculation valves. 

31 . A method as claimed in claim 30, which includes opening both of 
5 the recirculation valves. 

32. A method as claimed in any one of claims 14 to 31, inclusive, in 
which when the plant includes a variable resistor bank which is 
disconnectably connectableto a generator, includes the step of using the 
variable resistor to compensate for small changes in power demand. 

10 33. A plant as claimed in claim 1 substantially as described herein. 

34. A method as claimed in claim 1 4 substantially as described herein. 

35. A new plant or method substantially as described and illustrated 
herein. 



WO 02/078010 



PO71B02/00887 




WO 02/078010 



PCT/IB02/00887 




INTERNATIONAL SEARCH REPORT 



Int. I Application No 

PL i /ad 02/00887 



A. CLASSIFICATION OF SUBJECT MATTER , 

IPC 7 G21D3/08 F02C9/24 F02C1/05 



According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (ctassificaJion system followed by classlt teal ton symbols) 

IPC 7 621D F02C 



Documentation searched other than minimum documentation to the extent thai such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical search terms used) 

EPO-lnternal, PAJ, WPI Data 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • Cllatlon of document wWi Indication, where appropriate, of the relevant passages 



Relevant to claim No. 



p,x 



WO 02 21537 A (ESKOM) 
14 March 2002 (2002-03-14) 
figure 1 

US 4 052 260 A (F0RSTER ET AL.) 
4 October 1977 (1977-10-04) 
column 7, line 50 -column 12, line 8; 
figures 1-9 

US 3 629 060 A (DAVID SCHMIDT) 
21 December 1971 (1971-12-21) 
abstract; figure 1 



-/— 



1-6, 

14-16,24 



1-3,7,9, 
10,14-20 



1,14 

7,9-11, 
15-21 



HI 



Further documents are listed In the continuation of box C. 



ID 



Patent family members are listed In annex. 



• Special categories of cited documents : 

'A' document defining the general state of the an which is not 

considered to be or particular relevance 
"E" earlier document but published on or after the international 

filing date 

T_* document which may throw doubts on priority claim (s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

•O* document referring to an oral disclosure, use, exhibition or 
other means 

'P" document pubBshed prior to the internationaLtillng date but 
later than the priority date claimed 



■t* later document published after the International flung date 
or priority date and not In conflict with the application but 
cited to understand the principle or theory underlying the 
Invention 

'X* document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

•Y - document of particular relevance; tho claimed invention 

cannot be considered to Involve an Inventive step when the 
document Is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art 

document member of the same patent family 



Date of the actual completion of the international search 



19 July 2002 



Date of maling of the international search report 

31/07/2002 



Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patenltaan 2 
NL - 2280 HV Rljsw^k 
Tel. (+31-70) 340-2040. Tx. 31 651 epo nl. 
Fax: (+31-70) 340-3016 



Authorized officer 



Frisch, K 



Form PCT/lSA/210 (second shoot) (July 19G2) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



Inta Application No 

PCi/ib 02/00887 



C.(ConUnuetlon) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category * Citation of document, with Indication .where appropriate, of the relevant passages 



Relevant lo claim No. 



GB 1 362 902 A (GESELLSCHAFT ZUR FORDERUNG 
DER FORSCHUNG AN DER EIDG. TECHN. 
HOCHSCHUL) 7 August 1974 (1974-08-07) 
figure 1 



DE 22 22 452 A (GESELLSCHAFT ZUR FORDERUNG 
DER FORSCHUNG AN DER EIDGENOSSISCHEN 
TECHNI) 11 January 1973 (1973-01-11) 
figure 1 



1,14 



2,3,5, 
15,16 

1,14 



Form PCT/lSA/210 (continuation of second sheet) (July 1892) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 



itional application No. 
PCT/IB 02/00887 



Box 1 Observations whore certain claims were found unsearchable (Continuation of item 1 of first sheet) 



This International Search Report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons: 
1. I""] Claims Nos.: 

— because they relate to subject matter not required to be searched by this Authority, namely: 



PH Claims Nos.: 33 35 

because they relate to parts of the Internationa] Application that do not comply with the prescribed requirements to such 
an extent that no meaningful International Search can be carried out, specifically: 

see FURTHER INFORMATION sheet PCT/ISA/210 



3. Claims Nos.: 

— because they are dependent claims and are not drafted In accordance with the second and third sentences of Rule 6.4(a). 

Box II Observations where unity of Invention Is lacking (Continuation of Item 2 of first sheet) 

This International Searching Authority found multiple inventions in this international application, as follows: 



1 . I I As ail required additional search fees were timely paid by the applicant, this International Search Report covers all 
' — ■ searchable claims. 



2. \^\ As all searchable claims could be searched without effort justifying an additional fee, this Authority did not invite payment 



of any additional fee. 



3. I I As only some ot the required additional search fees were timely paid by the applicant, this international Search Report 
1 — ' covers only those claims for which fees were paid, specifically claims Nos.: 



4. r~J No required additional search fees were timely paid by the applicant Consequently, this International Search Report is 
restricted to the Invention first mentioned in the claims; It Is covered by claims Nos.: 



Remark on Protest 



| | The additional search fees were accompanied by the applicant's protest 
j | No protest accompanied the payment of additional search fees. 



Form PCT/ISA/210 (continuation of first sheet(l)) (July 1998) 



International Application No. PCTVIB 02 j00887 



FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210 



Continuation of Box 1.2 
Claims Nos. : 33-35 



Claims 33-35 do not state any additional comprehensible feature. 

The applicant's attention is drawn to the fact that claims, or parts of 
claims, relating to Inventions in respect of which no international 
search report has been established need not be the subject of an 
international preliminary examination (Rule 66.1(e) PCT). The applicant 
is advised that the EPO policy when acting as an International 
Preliminary Examining Authority is normally not to carry out a 
preliminary examination on matter which has not been searched. This is 
the case irrespective of whether or not the claims are amended following 
receipt of the search report or during any Chapter II procedure. 



INTERNATIONAL SEARCH REPORT 

motion on patent family members 



Inti I Application No 

PC I /lb 02/00887 



Patent document 
cited in search report 



Publication 
data 



Patent family 
member(s) 



Publication 
date 



WO 0221537 



14-03-2002 WO 



0221537 A2 



14-03-2002 



US 4052260 A 04-10-1977 



US 3629060 A 21-12-1971 



DE 


2526147 Al 


23-12-1976 


FR 


2334176 Al 


01-07-1977 


GB 


1549730 A 


08-08-1979 


JP 


1335123 C 


11-09-1986 


JP 


51151498 A 


25-12-1976 


JP 


60057038 B 


12-12-1985 


CH 


482919 A 


15-12-1969 


BE 


723447 A 


06-05-1969 


DE 


1601662 Al 


23-07-1970 


ES 


359920 Al 


01-01-1972 


FR 


1589503 A 


31-03-1970 


GB 


1237559 A 


30-06-1971 


NL 


6716543 A 


12-05-1969 


SE 


343921 B 


20-03-1972 



GB 


1362902 


A 


07-08-1974 


CH 


517990 A 


15-01-1972 










DE 


2159696 Al 


10-08-1972 


DE 


2222452 


A 


11-01-1973 


CH 


521518 A 


15-04-1972 










DE 


2222452 Al 


11-01-1973 



Form PCT/ISA/210 {patent family arrox) (July 1082) 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(1 9) World Intellectual Property Organization 
Internationa] Bureau 

(43) International Publication Date 
3 October 2002 (03.10.2002) 




(10) International Publication Number 

PCT WO 02/078010 Al 



(51) International Patent Classification 7 : G21D 3/08, 
F02C 9/24, 1/05 

(21) International Application Number: PCT/IB02/00887 

(22) International Filing Date: 25 March 2002 (25.03.2002) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 
01/2459 
01/2915 



26 March 2001 (26.03.2001) ZA 
9 April 2001 (09.04.2001) ZA 



(71) Applicant (for all designated States except US): PEBBLE 
BED MODULAR REACTOR (PROPRIETARY) LIM- 

- ITED [ZA/ZA]; 3rd Floor, Buena Vista Building, 1267 
Gordon Hood Avenue, Centurion Centre, 0046 CENTU- 
RION (ZA). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): BOLTON, Roland, 



Leslie, John [ZA/ZA]; 15 Rhino Street, 1619 KEMPTON 
PARK (ZA). KEMP, Petrus, Daniel [ZA/ZA]; Karino 
106, 713 Church Street, Arcadia, 0083 PRETORIA (ZA). 
KRIEL, Willem, Adriaan, Odendaal [ZA/ZA]; 32A 
Soetdoring Draai, Eldoraigne Ext. 3, 0157 CENTURION 
(ZA). NICHOLLS, David, Richard [ZA/ZA]; 41 Mod- 
derfontein Road, President Park, 1685 MDDRAND (ZA). 
NIEUWOUDT, Michael, Christiaan [ZA/ZA]; 209 
Emerald Avenue, Lyttelton Manor, 1057 CENTURION 
(ZA). 

(74) Agent: MACKENZIE, Colin; Adams &. Adams, Adams 
& Adams Place, 1 140 Prospect Street, Hatfield, PO Box 
1014, 0001 PRETORIA (ZA). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BQ, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH, 
GM, HR, HU ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW. 
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SB, SO, 
SI, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, 
VN, YU, ZA, ZM, ZW. 

[Continued on next page J 



(54) Title: A NUCLEAR POWER PLANT AND METHOD OF OPERATING THE SAME 



10 



12 



16 



16.1 



16.2 18^ *f 20 ■> 




36.2 
22 



00 

(57) Abstract: A method of regulating the power generated in a nuclear power plant which includes the step of regulating the flow 
2? of helium through the reactor. To this end, the power plant includes a closed loop power generation circuit having at least one 
compressor and a recirculation circuit whereby helium can be recirculated around the compressor. By regulating the flow of helium 
around the recirculation circuit using suitable valves the flow of helium through the reactor and hence the power generated can be 
J^. regulated- The plant includes a helium inventory control system whereby the inventory of helium in the power generation circuit can 
^ be varied thereby varying the power generated in the circuit. 



WO 02/078010 Al I Hill llllllll II IllID 1 11)1 Ml I II 1IHIM Hill Hill 11111 lilll 1111 11I1IM 1111 11H Bll 



(84) Designated States (regional): AR1PO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, CH, CY, DE, DK, ES, FI. FR, 
GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent 
(BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, MR, 
NE, SN, TD, TG). 

Published: 

— with international search report 

— with amended claims 



Date of publication of the amended claims: 14 August 2003 

(15) Information about Correction: 
Previous Correction: 

see PCT Gazette No. 44/2002 of 31 October 2002, Sec- 
tion n 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations'* appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



WO 02/078010 PCT/IB02/00887 

25 

AMENDED CLAIMS 

[received by the International Bureau on 19 September 2002 (19.09.02); 
original claims 1-35 replaced by amended claims 1-33 (7 pages)] 

1 . A nuclear power plant which includes 

a closed loop power generation circuit making use of helium as a 
working fluid and having at least one compressor; 
5 a recirculation circuit whereby helium can be recirculated around 

the compressor; 

valve means for regulating the flow of helium in the recirculation 
circuit; and 

a helium inventory control system which is selectively connectable 
10 in flow communication with the power generation circuit to permit 
helium to be introduced into or removed from the power generation 
circuit, the helium inventory control system including a plurality of 
storage tanks, the pressure in which varies from a low pressure tank to 
a high pressure tank. 

15 2. A plant as claimed in claim 1, in which the power generation 
circuit includes 

a nuclear reactor; 
a low pressure compressor; 
a high pressure compressor; 
20 drive means for driving the low pressure compressor and the high 

pressure compressor; 

a pre-cooler positioned upstream of the low pressure compressor; 
an inter-cooler positioned between the low pressure compressor 
and the high pressure compressor; 
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a low pressure recirculation circuit for recirculating helium around 
the low pressure compressor; 

a high pressure recirculation circuit for recirculating helium around 
the high pressure compressor; and 
5 valve means for regulating the flow of helium in each of the 

recirculation circuits. 

3. A plant as claimed in claim 2, in which the drive means includes, 
arranged in series, a high pressure turbine, a low pressure turbine and 
a power turbine drivingly connected, respectively, to the high pressure 

10 * compressor, the low pressure compressor and an electrical generator, 
the power generation circuit further including a recuperator having a low 
pressure side connected between the power turbine and the pre-cooler, 
and a high pressure side connected between the high pressure 
compressor and the nuclear reactor, the high pressure recirculation 

1 5 circuit including a high pressure recirculation line in which a recirculation 
valve is mounted, the high pressure recirculation line extending from a 
point between the high pressure compressor and the high pressure side 
of the recuperator to a point between the low pressure compressor and 
the intercooler and the low pressure recirculation circuit including a low 

20 pressure recirculation line in which a recirculation valve is mounted, the 
low pressure recirculation line extending from a point between the low 
pressure compressor and the intercooler to a point between the 
recuperator and the pre-cooler. 

4. A plant as claimed in claim 3, which includes a variable resistor 
25 bank which is electrically disconnectably connectable to the generator. 
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5. A plant as claimed in claim 3 or claim 4, which includes a 
recuperator bypass line which extends from a position upstream of the 
high pressure side of the recuperator to a position downstream of the 
high pressure side of the recuperator and a recuperator bypass valve 

5 . mounted in the recuperator bypass line to regulate the flow of helium 
therethrough. 

6. A plant as claimed in any one of claims 3 to 5, inclusive, which 
includes a gas bypass line in which a gas bypass valve is provided to 
regulate the flow of helium therethrough, the gas bypass line extending 

1 0 from a position upstream of the high pressure side of the recuperator to 
a position upstream of the pre-cooler. 

7. A plant as claimed in any one of claims 3 to 6, inclusive, in which 
the helium inventory control system is selectively connectable to the 
power generation circuit at a high pressure point and a low pressure 

1 5 point of the power generation circuit. 

8. A plant as claimed in claim 7, in which the high pressure point is 
downstream of the high pressure compressor. 

9. A plant as claimed in claim 7 or claim 8, in which the low pressure 
point is upstream of the low pressure compressor between the low 

20 pressure compressor and the power turbine. 

1 0. A plant as claimed in any one of claims 7 to 9, inclusive, in which 
the helium inventory control system includes at least one booster tank 
in which helium is contained at a pressure which is higher than the 
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pressure of helium at the high pressure point of the power generation 
circuit. 

11. A plant as claimed in claim 10, in which the helium inventory 
5 control system includes a compressor arrangement for feeding helium to 

the at least one booster tank at the desired pressure. 

12. In a nuclear power plant as claimed in any one of the preceding 
claims having a closed loop power generation circuit which uses helium 
as the working fluid and which has a nuclear reactor, there is provided 

1 0r a method of regulating the power generated by the plant, which includes 
the step of regulating the flow of helium through the reactor. 

13. A method as claimed in claim 1 2, in which regulating the flow of 
helium through the reactor includes regulating the flow of helium in the 
or each recirculation circuit. 

15 14. A method as claimed in claim 1 3, in which regulating the flow of 
helium in the recirculation circuits, includes controlling the operation of 
the recirculation valves to regulate the flow of helium in the recirculation 
circuits. 

15. A method as claimed in any one of claims 1 2 to 14, inclusive, in 
20 which regulating the flow of helium through the reactor includes 

adjusting the helium inventory in the power generation circuit. 

16. A method as claimed in claim 1 5, in which adjusting the helium 
inventory includes connecting a helium inventory control system in flow 

AMENDED SHEET (ARTICLE 19) 



WO 02/078010 PCT/IB02/00887 



29 

communication with the power generation circuit selectively to increase 
or decrease the helium inventory in the power generation circuit as 
required. 

1 7. A method as claimed in claim 1 6, in which the driving force for 
5 the transfer of helium between the helium inventory control system and 
the power generation circuit is the pressure difference between the 
helium inventory control system and the power generation circuit. 

18. A method as claimed in claim 16 or claim 17 which, when the 
plant is in load following mode and it is desired to increase the power 

10 generated , includes the step of introducing helium from the helium 
inventory control system into the power generation circuit. 

19. A method as claimed in claim 18, which includes introducing 
helium into the power generation circuit at a low pressure point of the 
power generation circuit and compensating for a non-minimum phase 

15 response by regulating the flow of helium in the or each recirculation 
circuit. 

20. A method as claimed in claim 18, which includes introducing 
helium into the power generation circuit at a high pressure point. 

21 . A method as claimed in claim 20, which includes if necessary 
20 regulating the flow of helium through the or each recirculation circuit to 

avoid a non-minimum phase response. 
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22. A method as claimed in any one of claims 13 to 21, inclusive, in 
which under load following conditions when a portion of the helium in 
the power generator is recirculated in the or each recirculation circuit, 
increasing the power generated includes the step of reducing the volume 

5 of helium flowing through the or each recirculation circuit. 

23. A method as claimed in any one of claims 13 to 17, inclusive, 
which, in the event of loss of load, includes the steps of, 

opening the high pressure recirculation valve, the low pressure 
recirculation valve and. the gas bypass valve; 
10" closing the gas bypass valve; and 

regulating the operation of the high pressure bypass valve and the 
low pressure bypass valve to stabilize the power generation circuit. 

24. A method as claimed in claim 23, in which, when the valves are 
opened they are displaced to their fully open position. 

15 25. A method as claimed in claim 23 or claim 24, in which the gas 
bypass valve is opened immediately after the loss of load event is 
detected and closed after a predetermined time has elapsed. 

26. A method as claimed in claim 25, which includes, after the 
process stabilizes, activating the helium inventory control system to 

20 bring the plant in a stable, low power operation mode. 

27. A method as claimed in claim 26, in which when the plant 
includes a variable resistor bank which is disconnectably connectable to 
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a generator, the method includes controlling the speed of the power 
turbine by regulating the load on the generator via the resistor bank. 

28. A method as claimed in any one of claims 13 to 17, inclusive, 
5 which includes, when a power step-down is required, opening at least 

one of the recirculation valves. 

29. A method as claimed in claim 28, which includes opening both of 
the recirculation valves. 

30. A method as claimed in any one of claims 1 2 to 29, inclusive, in 
10 which when the plant includes a variable resistor bank which is 

disconnectably connectable to a generator, includes the step of using 
the variable resistor to compensate for small changes in power demand. 

31. A plant as claimed in claim 1 substantially as described herein. 

32. A method as claimed in claim 1 2 substantially as described herein. 

15 33. A new plant or method substantially as described and illustrated 
herein. 
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